Introduction
Age adversely influences the results of tests like visual acuity 1 and contrast sensitivity. Age-related changes in contrast sensitivity have been investigated in many studies, 2, 3, 4, 5 and reflect both optical and neural performances. Although the experimental conditions in these studies differ, making direct comparison difficult, various studies indicated that until the age of approximately 50 years, no significant difference in contrast sensitivity existed among subjects, and that contrast sensitivity decreased in subjects older than 50 years. 2, 3, 4, 5, 6 To assess the optical and neural contribution to this age-related decline, various techniques have been used 4, 7, 8, 9, 10 but no consensus was reached. A possible explanation for this is that the proportion of the decline in neural and optical contributions with age shows individual differences and therefore, the results of any particular study depend upon the composition of the population measured.
So far, age-related studies on contrast sensitivity decline have been performed with subjects being corrected to obtain an optimum acuity when viewing the stimulus. However, there are several reasons to study contrast sensitivity outside the focal plane. In the first place, the human eye, suffering from many aberrations beside defocus, is not a diffraction-limited system. 11, 12, 13, 14 With an emmetropic eye, aberrations decrease contrast sensitivity more at optimal focus than outside the focal plane. 12, 15, 16 The optical system of a human eye shows an increase in aberrations with age 9 and therefore, older people may be affected less by defocus than younger people. Besides ageing, current surgical techniques in ophthalmology like cataract surgery, photorefractive keratectomy (PRK), and laser-assisted in situ keratomileusis (LASIK), may also alter the aberrations of the optical media, causing different effects on defocus-specific contrast sensitivity. Comprehension of the effects of aberrations in healthy eyes of ageing people can help us interpret the evaluation of the results of the surgical techniques such as the ones mentioned. After all, introduced aberrations or manipulation of aberrations may influence visual function. 17 Several studies have already investigated defocus-specific contrast sensitivity. 12, 15, 18, 19 Despite differences in experimental circumstances, it is generally accepted that defocus decreases contrast sensitivity and that typically spatial frequencies below 1 cpd are relatively free from this effect compared to spatial frequencies above 1 cpd. However, this decline of contrast sensitivity with defocus has not yet been studied as a function of age: the studies concerning through focus measurements so far have been carried out in a limited number of subjects who were relatively young. Campbell and Green 12 studied the through focus contrast sensitivity in two subjects whereas Charman 15 measured only one subject. Kay and Morrison 18 had a population of 12 subjects in their study. However, they only used small pupils up to 3 mm for their through-focus measurements, whereas the effect of aberrations increases with pupil size and is mostly present in pupils larger than 3 mm. Our study was performed in a large and healthy population so as to gain knowledge concerning the effect of age on defocus-specific contrast sensitivity at different pupil diameters.
Methods Subjects
After they had given their written informed consent, 100 subjects were included in our study to determine age-related changes of defocus-specific contrast sensitivity. All included participants claimed to be healthy and were aged 20-69 years. None of them had a history of ocular pathology or surgery that might influence the contrast sensitivity. The contrast sensitivity tests were conducted monocularly in 48 right and 52 left eyes. Eyes with a spherical equivalent correction of more than ± 2 D were excluded, as were eyes with a cylindrical correction of more than 1.5 D or with a cylindrical correction deviating more than 20˚ from the horizontal or vertical axis. The choice between eyes was made on the basis of the best-corrected visual acuity, which was at least 0.8. When this was equal in both eyes, the subject's dominant eye and the smallest amount of optical correction were considered, in that order of importance.
Mydriasis and cycloplegia were obtained by administering 1% cyclopentolate hydrochloride (Bournonville-Pharma, with benzalkoniumchloride and polyvidon K25 as preservatives) twice with an interval of approximately 30 minutes. After obtaining mydriasis and cycloplegia, the visual acuity and optimal refraction were determined with an EDTRS letter chart. To exclude the presence of any ocular pathology, indirect ophthalmoscopy, slitlamp examination, and applanation tonometry were performed. Intraocular straylight was determined with the direct compensation method described by van den Berg and Spekreijse. 20 Cornea topography (TMS-1 version 1.61 cornea topograph, USA) and axial length measurements with the use of ultrasonography (CooperVision Ultrascan Digital B system 2000, USA) were performed in order to complete the description of the eye concerned. For this study, only the keratometer values of the cornea topography data were used. In a following paper about the relative modulation transfer function of eye optics, the topographical image will be used for the calculation of the spherical aberration. Axial length measurement, funduscopy, slitlamp examination, and tonometry were conducted after the contrast sensitivity tests to avoid disturbance of the measurement. In case of any abnormality, the subject was excluded from the study. Nineteen subjects were excluded in this manner after being invited to participate at first. Two subjects had corneal opacifications in the optical axis and one of these also suffered from ocular hypertension. Another 12 subjects appeared not to meet the criteria for optical corrections. The other five had difficulties performing the visual task that will be described later in this article. So, these 19 subjects were not part of the 100 subjects that did match the criteria to participate in the study. A description of the included subjects is given in Table 1 , showing per age category their best corrected visual acuity, mean corneal curvature, axial eye length, spherical equivalent correction under cycloplegia, intraocular pressure and straylight. ). The 95% prediction interval for subjects younger than 50 years ranges from 0.73 to 1.11. For subjects in their sixth and seventh decade the 95% prediction interval ranges approximately from 0.8 to 1.2 and 0.9 to 1.3, respectively (IJspeert, 1993) . Regression analysis showed a significant linear decline with age for some of these factors: * = not significant, ** = P < 0.05. The regression coefficient (RC) is shown as well as the variance explained by age (R 2 ).
Contrast sensitivity test equipment
Contrast sensitivity was measured with the use of a monitor (Joyce DM4, P31 phosphor, peak wavelength 520 nm) showing vertical sinusoidally modulated gratings. The mean luminance of the display, which was measured with a luminance meter (Minolta LS-110) before every test, was set at 200 cd/m2. The monitor was surrounded by a square equiluminant screen (width 41.4˚) with a central square aperture of a 5.7˚ width, through which the central part of the monitor screen was visible. The viewing distance was 2 meters. Apart from the screen and the display, the room was dark. The sinusoidally modulated gratings were produced with a software-driven video card (Cambridge Research Systems: VSG 2/3 version 4.02). The Michelson contrast of the grating patterns is given in Equation (1),
where Lmax is the maximal luminance of the bright bars and Lmin is the minimal luminance of the dark bars. To implement the different luminances, the software used a lookup table in which 4096 values of contrast were listed.
The relationship between voltage and luminance was expressed in a sigmoidal gamma curve. This luminance-voltage relationship was checked monthly by measuring the contrast of the grating patterns. Over the 15-month period in which we measured the subjects, the implemented contrast of the gratings never deviated more than 10% of the required contrast. This was also tested for the highest spatial frequency measured (32 cpd) in order to exclude influence of the monitor MTF on the contrast sensitivity measurements.
Measuring protocol
Contrast sensitivity functions, based on contrast threshold measurements made at five different spatial frequencies, were determined for each subject under varying conditions of defocus and pupil size. To effect different pupil diameters, artificial pupils were used with diameters of 2, 4, and 6 mm. To determine the through focus contrast sensitivity for each pupil, six levels of defocus were applied: -1.0, -0.5, 0, +0.5, +1.0, and 2.0 D. For each level of defocus, the contrast sensitivity was determined at spatial frequencies of 1, 2, 4, 8, 16, and 32 cpd. By computing the ratio of contrast sensitivities at various degrees of defocus and optimal focus per spatial frequency, relative modulation transfer functions can be determined and compared to optical measurements or theoretical predictions. 21 This is however beyond the scope of this study. It will be discussed in a future manuscript. So, in total 108 different contrast thresholds were measured per subject. To vary defocus and pupil size, a trial frame was used in which the different trial lenses and artificial pupils could be placed. Special care was taken to place the artificial pupil at a standard distance of 12 mm in front of the cornea. To maintain a constant level of retinal illumination, a 0.6 and a 1.0 ND filter (Schott) were placed in front of the 4-and the 6-mm pupil, respectively, which resulted in a retinal illumination of approximately 600 td. In this respect, the Stiles-Crawford effect was not taken into account, meaning that the retinal illumination in the 4-and 6-mm pupil conditions will be somewhat less effective than in the 2-mm condition. However, Van Nes and Bouman 22 showed that contrast sensitivity does not vary much with the retinal illumination between levels of 90 and 900td.
The contrast sensitivity measurements have been performed with the subjects adapted to a retinal illumination of 600 td, which is comparable to the illumination while viewing an average computer screen at ordinary office light. The adaptation was accomplished with the equiluminant screen around the monitor (see above). Since large contrasts in the subject's field of view were avoided in this manner, the risk of after images was minimised. The photopic results presented in this paper may differ somewhat from measurements under scotopic conditions because of the Stiles-Crawford effect, especially at a 6-mm pupil. Recently, Coletta et al. 23 showed that the tolerance to defocus, measured at 0.75 cpd, is smaller under scotopic conditions as compared to measurements at photopic luminance levels.
A special chair with a stabilising pillow and a chin rest offered comfort to our subjects and assured a steady position of their heads. Since the modulation transfer of the optical media can vary on different locations of the pupil entrance, 24 alignment of the artificial pupil with the viewing axis was essential and movements of the head were limited as much as possible. The pupil of the subject, the artificial pupil, and the center of the monitor were aligned before the measurement. Any subsequent change of the head position was monitored with the use of a laser system, which was mounted near the side of the subject's head. These precautions enabled us to ensure that the displacement of the artificial pupil from the viewing axis never exceeded 1 mm. With the head position controlled and the fovea, the subject's pupil, the artificial pupil, and the monitor on one line, it was assumed that due to foveal fixation there would be no goad for eye movements. Eye movements would result in a suboptimal view of the monitor through the artificial pupil because due to the fixed position of the head, compensatory head movements were restricted.
Before the test started, the subjects were corrected for the viewing distance. To this optimal correction, which corresponded to a defocus level of zero, the defocusing lenses were added to determine the through focus contrast sensitivity. A correction was applied for the magnifying or reducing effect of the defocusing lenses, e.g. approximately 2.5 % magnification at +2 D defocus, by adjusting the spatial frequencies of the gratings. 25 For each subject, all of the tests were performed within five hours. The contrast sensitivity test itself was conducted in three series, each lasting not more than 30 minutes and separated by breaks of at least 15 minutes. In such a series, the contrast sensitivity function was measured for each of the six different levels of defocus using one size of artificial pupil. The order in which the different pupil diameters were used was randomised, as was the order in which the different levels of defocus and spatial frequencies were applied.
Contrast sensitivity was determined monocularly with the von Békésy tracking method. 26 Criterion-free methods, like the two alternative forcedchoice, would have consumed too much time and for this reason they were not suitable for our study in which 108 contrast thresholds had to be assessed per subject, in one day. In a pilot study involving six subjects, contrast sensitivity measurements were performed with the von Békésy tracking method, as is used in the present study, at optimal focus on three different days. The standard deviation of the contrast sensitivity over three days of measurement was computed per subject for each of the five spatial frequencies. The resulting 30 standard deviations were used to estimate a typical standard-deviation value of the test, which turned out to be 0.17 log contrast sensitivity.
The von Békésy tracking method started by presenting a certain grating pattern at an initial contrast level of 0.001%, i.e. well below the lowest contrast threshold of approximately 0.4 %. Then contrast was increased at a speed of 0.5 log units per second until the subject could distinguish the vertical grating pattern. At that moment, the subject was instructed to push a button on a response box. As long as the button remained pressed, contrast decreased at the same speed as it had increased. The subject was instructed to release the button as soon as doubt arose about the presence of the gratings. After releasing the button, contrast would increase again. After intimating a response, the subject caused a reversal of the contrast course and the computer recorded each level of contrast at which this occurred (Figure 1) . This procedure continued for each spatial frequency until six appearance and six disappearance levels were recorded. This number of reversals was selected in order to keep the total measuring time per subject within reasonable limits.
Before the contrast sensitivity measurements were started, each subject had to perform at least two test runs in anticipation of their learning curve. The fact that only five subjects were not able to perform the contrast sensitivity test gives an impression of how manageable this method was: three subjects had problems stabilising the position of their head and two did not understand the test instructions even after several test runs. These five subjects were not included in the final population of 100 subjects. Figure 1 shows the course of contrast during determination of the contrast threshold at one particular spatial frequency. Since the order in which the different spatial frequencies were used was randomised, there was an element of surprise every time a new grating appeared on the display. To minimise the influence of extreme reversal values on the contrast sensitivity, a predetermined number of six out of 12 reversals were disregarded: the first two, the highest and lowest reversal at which the gratings had appeared, and the highest and lowest reversal at which the gratings had disappeared. The six remaining reversals consisted of three upper and three lower reversal points. The mean of these reversal points, expressed in log contrast, is the log contrast threshold for the spatial frequency concerned. Contrast sensitivity is the inverse of contrast threshold and therefore, the log contrast sensitivity is equal to the -log contrast threshold. The standard error of the log contrast sensitivity (SE (log CS)) is given in Equation (2) 
Data-analysis
SE(logCS)= SE(A) 2 + SE(B) 2(2)
Figure 1
The contrast course during the determination of one contrast threshold with the von Békésy tracking method. The circles represent the reversals at which the gratings had appeared and the squares represent the reversals at which the gratings had disappeared. Reversals that were not included in the calculation of the contrast threshold are marked with a cross (for explanation see text).
A common way to describe the tolerance to defocus of an optical system is the depth of focus. One way to define the depth of focus is the dioptric range within which the contrast sensitivity exceeds half of its maximum value. 25 To estimate the effect of age on the depth of focus, linear mixed effect models were fitted to the data. Also, the order in which all 18 combinations of defocus and pupil size were measured, i.e. the measurement order, was taken into account. A three-dimensional polynomial response surface was then fitted for each subject, representing contrast sensitivity as a function of the withinsubject factors: spatial frequency, defocus, and pupil diameter. This model was necessary to minimise noise which originated from the imprecision, typical of the psychophysical method with which the contrast sensitivity was determined, and to extrapolate the contrast sensitivity for defocus levels lower than -1 D. The average lower end of the dioptric range concerning the depth of focus was approximately -1.3 D ± 0.2 D (SD), which indicates that most of the limits were outside the measured dioptric range. Statistical analysis concerning the age-related dependency of contrast sensitivity on defocus involved linear regression analysis and ANOVA methods. The LME function of S-Plus 4.5 was used to fit the mixed effects models (MathSoft Inc., Seattle, 1998). Figure 2 shows the contrast sensitivity functions determined with a 4-mm pupil for the different age categories at optimal focus. The contrast sensitivity at 32 cpd is not shown because at this spatial frequency there were several subjects that could not detect the gratings at any level of defocus. Therefore, all data regarding the contrast sensitivity at 32 cpd were left out of further analysis.
Results

Figure 2
Contrast sensitivity functions of different age categories with a 4-mm pupil at optimal focus. For clarity, the error bars have only been plotted for the oldest group of subjects. The standard error was similar in all age groups.
The age-related decline in the contrast sensitivity function was similar for all three pupil sizes measured. Statistical analysis, with the use of the Bonferroni correction for multiple comparisons, revealed that there is no significant difference in log contrast sensitivity at any spatial frequency measured between the age categories of 20-29, 30-39, and 40-49 years. This was also the case with a 2-and 6-mm pupil. Subjects in their 7 th decade showed a significant lower contrast sensitivity than those younger than 50 years with all pupil diameters at 2, 4, and 8 cpd. The average contrast sensitivity of subjects in their 6th decade lay in between the contrast sensitivity of younger and older subjects. In fact, it did not differ significantly from the contrast sensitivity of either the subjects under 50 or over 59 years.
Figure 3
Averaged contrast sensitivity functions of the entire population shown for the different levels of defocus demonstrate the effect of defocus at various sizes of pupils (Figure 3 A-C ). Figure 3 D shows the contrast sensitivity functions at optimal focus for the different pupil diameters to illustrate the effect of pupil size. Figure 3 shows contrast sensitivity functions averaged over the entire population, at different levels of defocus and for different pupil diameters. At optimal focus and spatial frequencies of 8 and 16 cpd, contrast sensitivity was about 0.15 log units higher with a 2-mm pupil and about 0.20 log units lower with a 6-mm pupil compared to the contrast sensitivity with a 4-mm pupil (Figure 3 D) . At lower spatial frequencies, the differences related to pupil size diminished. With all pupil diameters, the attenuation of contrast sensitivity by defocus increased with spatial frequency in the range from 1 to 4 cpd (Figure 3 A-C). At spatial frequencies higher than 4 cpd, the contrast sensitivity functions for different levels of defocus ran more or less parallel to each other, as was described in other studies. 12, 18 As expected, the attenuating effect of defocus was more pronounced in a 6-mm pupil and less present in a 2-mm pupil, especially at 2, 4, and 8 cpd. At 16 cpd, this effect was relatively small.
The repeated measures ANOVA revealed the existence of interactions among age and within-subject factors like contrast sensitivity, spatial frequency, defocus, and pupil diameter. Therefore, further statistical analysis to quantify this age dependency was justified. To illustrate the way contrast sensitivity is related to age and defocus, we have chosen to present our data concerning the contrast sensitivity at 1 and 8 cpd. The spatial frequency of 1 cpd represents a spatial frequency at which the log contrast sensitivity is hardly affected by defocus (Figure 3 A-C) , whereas at 8 cpd, the effect of defocus on the log contrast sensitivity is marked. As a measure for the total amount of visual information transferred by the optical media, the integrated contrast sensitivity (ICS) is presented. It is the area under the curve of a contrast sensitivity function on a linear-linear scale, 27 which we determined with the use of Simpson's integration rule for irregular areas (e.g. Handbook of chemistry and physics). 28 Regression analyses were made for the log contrast sensitivity at optimal focus and at the spatial frequencies mentioned, and for the log ICS. Figure 4 shows all individual values (n = 100) of the log ICS measured with a 4-mm pupil as a function of age. The linear regression line, which fits to these points, shows a significant effect of age (p < 0.001). Fitting quadratic or bilinear curves does not lead to an improved fit. The corresponding regression lines for the 2-and 6-mm pupils show a similar significant and linear relation between log ICS and age ( Table 2) . Just like the log ICS, the log contrast sensitivity at 8 cpd shows a significant linear decline with age for all pupil diameters measured. Only at 1 cpd and with the 2-and 6-mm pupils no significant relation between log contrast sensitivity and age was demonstrable (p > 0.05). a (ns) = not significant, * = P < 0.05, ** = P < 0.01, and *** = P < 0.001. The R2 value is the variance explained by age.
One way to present the effect of age on defocus-specific contrast sensitivity is to determine the difference of the log contrast sensitivity at optimal focus and the log contrast sensitivity at +2 D defocus (log CS (0) -log CS (+2 D)). This difference was calculated for each subject at 1 and 8 cpd and indicated the degradation of contrast at these spatial frequencies caused by +2 D of defocus.
Since the product of modulation transfer functions for the optical and nervous system at a certain spatial frequency determines the contrast sensitivity for that spatial frequency, the neural part is eliminated in the subtraction of the two values of log contrast sensitivity. So, the difference in log contrast sensitivity at optimal focus and +2 D defocus is determined by the optical media only. Regression analyses was performed on this effect of defocus for 1 and 8 cpd, resulting in regression lines of which those concerning the 4-mm pupil are shown in Figures 5 and 6 , respectively. The effect of defocus proved to decline significantly with age (P < 0.01) at 8 cpd, which also applied for the 2-and 6-mm pupils. The regression line for the effect of defocus at 1 cpd is not significant (P ~ 0.4) at any pupil diameter and therefore at this frequency, the effect of defocus is not related to age. This result corresponds to Figure 3 , which showed that there is little effect of defocus on log contrast sensitivity at 1 cpd anyway.
Figure 4
The individual data points (n = 100) of the log integrated contrast sensitivity at optimal focus determined for a 4-mm pupil are shown as a function of age. The declining regression line illustrates the effect of age on log integrated contrast sensitivity.
Figure 5
The individual data points (n = 100) of the difference in log contrast sensitivity for 1 cpd at optimal focus (0) and at +2 D of defocus (+2), determined with a 4-mm pupil, as a function of age. The almost horizontal regression line indicates no significant effect of age on defocus at this spatial frequency.
Figure 6
The individual data points (n = 100) of the difference in log contrast sensitivity for 8 cpd at optimal focus (0) and at +2 D of defocus (+2), determined with a 4-mm pupil, as a function of age. The declining regression line shows a significant decreasing effect of defocus with age.
Because the direct calculation of the depth of focus per subject was difficult, due to the noise inherent in the psychophysical measuring method, a linear mixed effects model was used to fit a three-dimensional polynomial response surface to the data for each subject. This model included fixed effects due to age, the measurement order, polynomial fixed effects terms in contrast sensitivity, spatial frequency, and pupil size, and random effects that correspond to these polynomial terms. The model assumed a multivariate normal distribution with a general unstructured covariance matrix for the random effects. The dependence of contrast sensitivity on spatial frequency, defocus, and pupil size turned out to be reasonably well described by a polynomial with 15 parameters. The final model included the following terms: 17 parameters of the fixed effects listed in Table 3 , the covariance matrix of the random effects corresponding to the 15 polynomial random effects (0.5·15·16=120 parameters), and the residual variance. This way, the responses of all 100 subjects to the 90 (= 5·6·3) combinations of factors spatial frequency, defocus, and pupil size were described by our model with a total number of 138 parameters. Table 3 shows the estimated fixed effects parameters with their standard errors. According to our model, age has a negative effect on contrast sensitivity of 0.025 logunits per decade (P = 0.012). Contrast sensitivity also decreases with increasing measurement order: 0.026 logunits per 10 measurements of contrast sensitivity, which in our study equals the measurement of two complete contrast sensitivity functions containing data points at five spatial frequencies. Figure 7 gives an impression of how the model fits the data points. It shows the data points of a typical subject with accompanying parts of the threedimensional polynomial response surface that the model has calculated for this subject. The distribution of residuals, within subject and between subjects, was close to the normal distribution. A detailed inspection of the residuals did not reveal large model shortcomings. The model equation derived from the estimated parameters for each subject was used to evaluate the depth of focus at 8 cpd. For the order of measurement, a supposed value of one was taken. In our effort to determine the negative limit of the depth of focus, we decided not to extrapolate more than one diopter beyond the dioptric range measured: -1 D.
The median value of extrapolation was -1.3 D for each pupil size measured. With this model, the depth of focus could be determined for every subject at every pupil size, with the exception of one subject, whose contrast sensitivity
had not yet decreased to half of his maximal contrast sensitivity at -2 D, at a 2-mm pupil. At 8 cpd, the decrease of depth of focus with increasing pupil diameter was small but significant (P < 0.001) as is shown in Table 4 . Figure 8 shows all individual data (n = 100) concerning the depth of focus obtained with a 4-mm pupil as a function of age. The regression line fitted to these data illustrates an increasing depth of focus with age, which was found to be significant (P < 0.001) for all pupil diameters measured ( Table 4) . Table 4 . The mean depth of focus at 8 cpd is shown for three pupil diameters. In one subject, the depth of focus could not be estimated at a 2-mm pupil. The depth of focus decreases significantly with increasing pupil size (P < 0.001). The line representing the depth of focus as function of age, described by its constant and regression coefficient (RC), illustrates that the depth of focus increased significantly with age (* = P < 0.001). The R 2 value is the variance in depth of focus explained by age 
Discussion
By carrying out through focus contrast sensitivity tests, with the use of three different artificial pupils, the effect of defocus on contrast sensitivity has been studied as a function of age in a large healthy population. The effect of defocus on contrast sensitivity in our study confirms results of earlier studies
Figure 7
Data points of a typical subject (open circles) with accompanying parts of the three-dimensional polynomial response surface (drawn line) that the mixed effects model has calculated for this subject. Log contrast sensitivity is plotted as a function of defocus (D) for the different spatial frequencies (sf) and pupil sizes (ps) measured. The calculated depth of focus at 8 cpd for this subject is also shown.
Figure 8
The individual data points (n = 100) of the depth of focus at 8 cpd for a 4-mm pupil, determined by a linear mixed effects model (for explanation see text), as a function of age. The rising regression line illustrates a significant increase in the depth of focus with age in which smaller numbers of subjects were tested. 12, 15, 18, 19 The age dependency of this effect of defocus was not tested in these studies. In our study, an age dependency of defocus-specific contrast sensitivity was demonstrated.
At optimal focus a linear relationship provided the best fit for the data points concerning the log ICS and the log contrast sensitivity at 8 cpd as a function of age. The linear regression proved to be significant for all pupil diameters. At 1 cpd, no relation between age and log contrast sensitivity could be found. The low R 2 values for log ICS and log contrast sensitivity at 8 cpd show that the effect of age is small in relation to the spread of contrast sensitivity between subjects. Visual inspection of the data points between the ages of 20 and 50 years suggests that subjects younger than 50 years show an even smaller change of contrast sensitivity with age (Figure 4) , which is confirmed by the multiple comparison of the different age categories. This Bonferroni corrected multiple comparison did not show any significant difference in the average contrast sensitivity of age groups under 50 years at any spatial frequency. Such limited influence of age on contrast sensitivity has also been found in other studies. 2, 3, 4, 5, 6 The group aged between 50 and 59 years shows an intermediate contrast sensitivity compared to the younger and older groups (Figure 2) . The subjects aged between 60 and 69 years showed a significantly lower average contrast sensitivity than the subjects aged younger than 50 years. This indicates that the age-related decline of contrast sensitivity starts around the age of 50 years. In summary, even though a linear regression is a good statistical description of the age-related decline in contrast sensitivity, this decline is so small, approximately 0.075 log units per decade for the log ICS, that the absence of age-related changes in contrast sensitivity before the age of 50 cannot be excluded.
The small effect of age on contrast sensitivity in this study is, however, also caused by the fact that people were not included if they have had cataract surgery. Since older people are more likely to receive surgery because of disturbing cataract, the older subjects in our study have relative clear lenses. This selection bias probably results in an underestimation of the age-related decline in contrast sensitivity measured in our study.
A comparison can be made between the results presented in this paper and those of Derefeldt et al. 2 and Owsley et al., 3 who have measured contrast sensitivity at the same spatial frequencies. For each spatial frequency, the log contrast sensitivities of all subjects within a certain age category were averaged. Derefeldt used three age categories: 6-10, 20-40, and 60 years and over. The subjects in the study by Owsley were classified in decades just as the subjects in our study. To compare our results with those of the other two studies, we averaged all data concerning subjects aged 20-39 in the study by Owsley and in our study. The oldest group in the study by Derefeldt was compared with subjects in their sixties from the other two studies. Differences between some parameters, like pupil diameter, mean visual acuity, and psychophysical threshold assessment, would make a comparison of the absolute log contrast sensitivity values meaningless. Therefore, as a measure of age-related decline, a comparison was made of the difference between the log contrast sensitivity of the younger and the older group. Considering the average natural pupil diameters that Owsley et al.3 recorded in their subjects, we compared their data with our data obtained with the 4-mm artificial pupil ( Table 5) .
The difference between the log contrast sensitivity of subjects in their 7th decade and the log contrast sensitivity of subjects aged 20-39 years shows an increase with spatial frequency. This is approximately similar in the three studies that were compared. At 16 cpd, the present study shows a relatively small age-related decrease of contrast sensitivity. Some differences in measuring methods may give an explanation. The mean visual acuity of the older subjects in the other two studies might have been lower: > 1.0 and 0.8 for Derefeldt et al. and Owsley et al., respectively, compared to 1.2 in our study.
Also, the inclusion criteria concerning optical correction were stricter in our study, excluding subjects suffering from high myopia and oblique astigmatism. The retinal illumination among the studies differed somewhat: 1508, 1294, and 628 td in the studies of Derefeldt et al., Owsley et al., and Nio et al., respectively. However, these differences are of no relevance because contrast sensi tivity does not vary much at levels above 90 td (Van Nes and Bouman). The main issue of our study was to determine the effect of defocus as a function of age. One measure for the tolerance of an optical system to defocus is the depth of focus. Charman 15 measured in his single subject values of 2.4, 1.4, and 1.3 D at 8 cpd for 2-, 4-, and 6-mm pupils, respectively. It can be seen from Table 4 that his values approximately fit in the 95% prediction interval of our study. The depth of focus decreases with increasing pupil size, as would be expected in a diffraction-limited optical system. In such a system, the depth of focus is inversely proportional to the pupil diameter. 29 However, the optics of the human eye suffer from aberrations that decrease the effect of defocus on contrast sensitivity 12, 15 and thus increase the depth of focus, especially at large pupil sizes. To estimate the contribution of aberrations to the depth of focus at a large pupil diameter, we calculated the depth of focus of an aberration-free eye with a 6-mm pupil at 8 cpd. 21 The calculated depth of focus was 0.5 D, which is smaller than the mean depth of focus of our population: 1.8 ± 0.2 D, see Table 4 . Also, the measured decrease in depth of focus with increasing pupil diameter is less than the expected theoretical decrease (see also Legge et al.) . 25 So, with increasing pupil diameter the depth of focus of the human eye becomes larger than the one of a diffraction-limited aberration-free system and as aberrations increase with age, 9 older people are expected to have a larger depth of focus than younger ones at the cost of suboptimal vision.
This age-related increase in depth of focus has been found for all pupil diameters measured in the present study and is shown in Table 4 . Although the increase in depth of focus with age seems to become smaller with increasing pupil size, this decrease was found not to be significant. For a 4-mm pupil, the age-related increase in depth of focus is 0.072 D per decade. Another confirmation of age-related optical changes is the decline of the difference between log CS (0) and log CS (+2 D) with age, as is demonstrated at a spatial frequency of 8 cpd in Figure 6 . Regression analysis revealed that the linear decline with age was significant.
Theoretically, a decreasing effect of defocus with age can be the result of either an age-related decrease in contrast sensitivity at optimal focus, an agerelated increase in contrast sensitivity under defocusing conditions, or both. At optimal focus, contrast sensitivity of subjects in their 7 th decade is significantly lower compared to subjects in their twenties (Figure 2) . Figure 9 shows for a 4-mm pupil a smaller difference between the two age categories at a defocus level of +2 D, especially for the spatial frequencies of 4 cpd and above. This was also found for the other pupil sizes measured and for the defocus level of +1 D. So, with age the effect of defocus on contrast sensitivity decreases due to a relative large decline of contrast sensitivity at optimal focus compared to the decline at positive defocus. This age-related effect of aberrations may prove to be useful in the evaluation of eye optics after cataract surgery or refractive surgery.
Figure 9
The contrast sensitivity functions of subjects in their twenties and sixties, at a defocus level of +2 D for a 4-mm pupil. The contrast sensitivity for the older subjects does not exceed the contrast sensitivity for the younger subjects at any spatial frequency.
